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ABSTRACT  
   
Amorphous oxide semiconductors are promising new materials for various 
optoelectronic applications. In this study, improved electrical and optical 
properties upon thermal and microwave processing of mixed-oxide 
semiconductors are reported. First, arsenic-doped silicon was used as a model 
system to understand susceptor-assisted microwave annealing. Mixed oxide 
semiconductor films of indium zinc oxide (IZO) and indium gallium zinc oxide 
(IGZO) were deposited by room-temperature RF sputtering on flexible polymer 
substrates. Thermal annealing in different environments - air, vacuum and oxygen 
was done. Electrical and optical characterization was carried out before and after 
annealing. The degree of reversal in the degradation in electrical properties of the 
thin films upon annealing in oxygen was assessed by subjecting samples to 
subsequent vacuum anneals. To further increase the conductivity of the IGZO 
films, Ag layers of various thicknesses were embedded between two IGZO layers. 
Optical performance of the multilayer structures was improved by susceptor-
assisted microwave annealing and furnace-annealing in oxygen environment 
without compromising on their electrical conductivity. The post-processing of the 
films in different environments was used to develop an understanding of 
mechanisms of carrier generation, transport and optical absorption. This study 
establishes IGZO as a viable transparent conductor, which can be deposited at 
room-temperature and processed by thermal and microwave annealing to improve 
electrical and optical performance for applications in flexible electronics and 
optoelectronics. 
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Chapter 1 
INTRODUCTION 
 
1.1 INTERACTION OF MICROWAVES WITH MATTER 
 
Electromagnetic (EM) radiation is a very crucial form of energy available to 
mankind. It consists of electric and magnetic fields that fluctuate sinusoidally in 
planes perpendicular to each other and propagate at the speed of light. EM 
radiation does not need a medium to in which to travel. The dual nature of EM 
radiation is evident through its wave-like behavior in the case of interference and 
diffraction and its particle-like behavior in the case of phenomena like the 
photoelectric effect. The quanta of EM radiation are termed as photons. The 
frequency ν and the wavelength λ are inversely proportional to each other, related 
by ν = c/λ, where c is the speed of light in vacuum. The energy E of the EM 
radiation depends linearly on the frequency ν, given by E = h ν where h is the 
Planck’s constant.  
 
The electromagnetic spectrum is classified into regions of increasing frequencies 
(or equivalently, energies): radio waves, microwaves, infrared, visible light, 
ultraviolet, X-rays, and gamma rays. Microwaves are generally taken to have 
frequencies from 300 MHz to 300 GHz which correspond to wavelengths of 1 m 
down to 1 mm, respectively. Microwaves have found their application in diverse 
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fields such as microwave heating, communications, RADAR, electronic warfare, 
radiation therapy, non-destructive testing of materials, etc. [1-1]. 
 
The interaction of microwaves with materials takes place through the two 
components of the microwave radiation: the electric field E and the magnetic 
field H. The response of a material when exposed to an electromagnetic radiation 
may be understood through the dielectric constant ε of the material. The 
dielectric constant, also known as the permittivity of the material, describes the 
ability of the material to be polarized in the applied electric field. To understand 
the dielectric response to sinusoidal fields such as the microwaves, complex 
permittivity ε* is employed:  ε* = ε’ + i ε”. The real part of the dielectric 
constant is a measure of the penetration of microwave energy in the material; 
while, the imaginary part indicates the ability of the material to store the energy 
[1-2]. The dielectric properties vary with temperature and frequency. Water, for 
example, has both high ε’ (78.0) and high ε” (12.0) at 2.45 GHz making it 
amenable to microwave heating since it allows good penetration as well as good 
absorption. Alumina has a high ε’ (8.9) providing good penetration but low ε” 
(0.009) which does not allow any significant absorption. This makes alumina 
virtually transparent to microwaves at 2.45 GHz and thus a loss-less material. 
Silicon carbide, which is used in the susceptors employed in the present work, 
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has high ε’ (30.0) and high ε” (11.0) making it an excellent lossy material for 
microwave energy absorption. 
 
The interaction of microwaves with materials can be classified into four broad 
categories [1-1]: 
1. Opaque materials: conductive materials with free electrons mostly reflect 
and do not allow the electromagnetic radiation to penetrate; 
2. Transparent materials: low dielectric loss materials or insulating materials 
like glass and air allow microwaves to pass through without significant 
attenuation, without much reflection or absorption.  
3. Absorbing materials: these materials are termed as lossy dielectrics or high 
dielectric loss materials which absorb microwave energy and convert it to 
heat. 
4. Magnetic materials: materials like ferrites interact with the magnetic 
component of the electromagnetic radiation and become heated.  
 
In any given material, various entities such as the free electrons, valence 
electrons, ions, molecular dipoles, and interfacial charges respond to the applied 
electric and magnetic field. The sinusoidal fields cause the charged species to 
polarize and vibrate. Different charged species all have different natural 
frequencies of vibration. The conversion to heat occurs because of the lag of the 
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response of the material to the applied electromagnetic field. In the heating of 
dielectric materials, it is assumed that the magnetic field does not contribute to 
microwave absorption and the heating occurs entirely due to the electric field [1-
1]. 
 
There are four principal polarization mechanisms in dielectric solids [1-1]: 
a. Electronic polarization: When an atom is subjected to an external electric 
field, displacement of the electron cloud with respect to the nucleus gives 
rise to formation of a dipole. Valence electrons shift much more easily than 
the tightly bound core electrons. Covalent crystals have large dielectric 
constants owing to the displacement of the valence electrons. Thus, 
materials like silicon (εr’=11.9) and germanium (εr’=11.9) have high real 
components of the dielectric constant; hence, microwaves easily penetrate 
these materials.  
b. Dipole polarization: Under the application of an external electric field, polar 
molecules orient themselves with the field. The lag associated with this 
response and the inter-molecular collisions lead to dielectric heating. In 
some materials, the polarization can be retained due to the need for thermal 
activation for molecular rotation, which gives rise to the formation of 
“electrets” [1-1]. 
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c. Ionic or atomic polarization: Relative displacement of the positive and 
negative ions or atoms within molecules and crystal structures from their 
equilibrium lattice sites gives rise to ionic polarization.  
d. Interfacial polarization: This involves the accumulation of free charges at 
interfaces located within the material: grain boundaries, phase boundaries 
and defect regions. Under the application of an electric field, the mobile 
charges are displaced and accumulated at such interfaces. 
 
The contributions by various polarization mechanisms are dependent on the 
frequency. Figure 1-1 shows the dependence of loss mechanisms in dielectrics on 
the frequency of the electromagnetic radiation.  
 
Figure 1-1: Frequency dependence of polarization mechanisms in dielectrics [1-1]  
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1.2 MICROWAVE PROCESSING OF MATERIALS 
 
Microwave heating of materials has been explored since the 1940’s; Clark and 
Sutton [1-3] and Semenov et al. [1-4] provide a review of microwave processing 
of materials. For many decades, a large part of the work on microwave 
processing is devoted to dielectric ceramic and glass materials. In the past 
decade, a growth in the microwave processing of semiconductors and powder 
metals has been observed. Modern processing practices in the semiconductor 
industry could benefit greatly from the peculiar characteristics of microwave 
processing and the advantages it offers. 
 
Contactless, volumetric heating is the key characteristic of microwave 
processing. In conventional heating, the thermal energy is transferred to the 
material from the outside to the inside, creating a temperature gradient. Small 
penetration depth of infrared (less than 0.1 mm) leads to energy deposition being 
limited to the surface layers [1-4]. Microwave heating overcomes this through 
absorption of the microwave energy throughout the volume of the material. Since 
the surface loses energy by radiation, the core of the material is usually hotter 
and the temperature profile is the inverse of that seen in conventional heating. 
Volumetric heating has the advantage of uniform and rapid processing of 
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materials leading to an increased throughput. Rapid heating in semiconductors 
provides the advantage of minimal diffusion of various species into the substrate.  
 
Poorly absorbing materials (those with small values of ε”) can be hard to heat 
using microwaves. One common solution to this is the use of microwave 
susceptors to provide hybrid heating. Microwave processing can also be 
employed for selective heating of materials, which is not possible with 
conventional heating.  
 
Some barriers to adoption of microwave processing of materials are the inability 
to prevent unwanted reactions, inaccurate temperature measurements, preventing 
hotspots and arching, availability and cost of equipment, etc.  
 
 
1.3 MULTICOMPONENT TRANSPARENT CONDUCTING OXIDES 
 
Materials that exhibit optical transparency to visible light as well as reasonable 
electrical conductivity can be classified into three categories: very thin pure 
metals, highly doped conjugated organic polymers, and degenerately doped wide 
band gap oxide or nitride semiconductors [1-5]. These materials have two such 
properties that are strongly linked to each other. Metals which are highly 
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conductive do not normally transmit visible light; while, highly transparent 
materials like oxide glass are insulators. The challenge is to decouple the two 
properties such that the material maintains its transparency while becoming 
electrically conductive at room temperature [1-6].  
 
An important figure of merit used to compare transparent conducting materials is 
given by Haacke [1-8]: 
Φ = T10/Rs         (1-1) 
where T is the optical transmittance and Rs is the sheet resistance. If α is the 
visible absorption coefficient, ρ the resistivity of the material and x is the film 
thickness, we have  
 
T = exp (–αx)  and Rs = ρ/x.       (1-2) 
 
Thus we have an expression for Haacke’s figure of merit:  
 
Φ = (ρ/x) exp (–αx)       (1-3) 
 
Using this definition the maximum figure of merit for silver is approximately 
0.023 Ω-1 (using α = 106 cm-1 and ρ = 1.6×10-6 Ω-cm with 1 nm thick film). In 
comparison, a 1000 nm thick film of indium tin oxide (ITO) has a figure of merit 
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that is an order of magnitude higher: 0.22 Ω-1 using values for ρ = 1.6×10-4 Ω-cm 
and α = 10-3 cm-1 [1-5].  
 
Conjugated organic polymers have been reported to have very low resistivities 
(10
-5
 to 10
-3
 Ω-cm) but suffer from low carrier mobility, low carrier density, and 
poor transparency. In addition, there are challenges regarding their 
environmental stability due to sensitivity to oxygen and moisture [1-5]. 
 
Thus, the universal choice for electrode applications requiring transparency and 
low sheet resistance are the transparent conducting oxides (TCOs). TCOs can be 
divided into two categories based on their constituents: single-component 
systems (e.g., zinc oxide, tin oxide) and multi-component systems like indium-
tin oxide, indium-zinc oxide (IZO), and indium-gallium-zinc oxide. Indium-
oxide based materials are currently used in the vast majority of high-performance 
display applications [1-5]. 
 
The primary consideration in the selection of a TCO material for use with any 
class of substrate is the ability to deposit material with adequate optical and 
electrical properties. If polymeric substrates are used, additional constraints on 
processing parameters are encountered. Polymer substrates are heat-sensitive, 
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and suffer from dimensional and structural instability when exposed to various 
solvents or energetic radiation [1-6].  
 
An important material requirement is that the mechanisms for doping the wide 
band gap oxide can be activated at low process temperatures and are operational 
even in the disordered amorphous state [1-5]. Amorphous ITO undergoes 
crystallization at low annealing temperatures and can be deposited in crystalline 
form by heating the substrates to 150-200 
o
C. Crystalline IZO can be achieved by 
depositing the films at elevated substrate temperatures (~350 ºC) or annealing 
post-deposition at around 500 ºC. The amorphous nature of IZO, unless at 
elevated temperatures, is due to the immiscibility of ZnO and In2O3. The two 
components must undergo phase separation to allow crystallization. The kinetics 
of the phase separation are slow and thus Zn has the effect of stabilizing the 
amorphous structure [1-5]. In more complex systems like a-IGZO, it is expected 
that some alloy combinations will be more stable than other combinations. The 
remarkable feature of these materials is that while they do not have extremely 
high electron mobilities in crystalline form, the electron mobility remains nearly 
unchanged even as the atomic disorder is increased in polycrystalline and 
amorphous forms. Even when the material is truly amorphous the electron 
mobility can be more than an order of magnitude higher (10–50 cm2 V−1 s−1) than 
conventional amorphous materials, which have electron mobilities 
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<1 cm2 V−1 s−1. The origin of the high mobility has been attributed to the high 
degree of overlap of the spherically symmetric cation orbitals that make up the 
conduction band [1-9]. 
As categorized by Hosono [1-10], amorphous oxides based on post-transition 
metals fall in the category of ionic and wide band-gap semiconductors, unlike 
amorphous silicon (a-Si) which is a covalent narrow band-gap semiconductor. 
Hosono also notes that in amorphous materials in general, the structural 
randomness is mainly contributed by the energetically weak part, which is the 
bond angle distribution in case of the amorphous oxide semiconductors. The 
effective mass of the electron, which essentially corresponds to the transfer rate 
between neighboring cation s-orbitals, depends on how wide the bond-angle 
distribution is [1-10]. Hosono considers the difference between covalent 
amorphous semiconductors like a-Si and amorphous TCOs, and notes that in the 
case of covalent conductors, the overlap between the vacant orbitals of 
neighboring atoms is largely dependent on the bond angle. This results in the 
creation of deep localized states at high concentrations affecting the drift 
mobility. Unlike the covalent amorphous semiconductors, the amorphous oxide 
semiconductors are characterized by the radius of the metal cation s-orbitals 
determining the magnitude of the overlap of orbitals. When the spatial spread of 
the s-orbitals is larger than the inter-cation distance, the magnitude of orbital 
overlap is largely insensitive to the bond angle variation. This is due to the s-
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orbitals being spherical in shape. Thus, the choice of metal cations while 
fabricating amorphous metal oxide semiconductors is very crucial. Heavy post-
transition metal atoms like gallium which have large ionic radii help in achieving 
large orbital overlap leading to the high values of mobilities seen in the oxide 
semiconductors. As a result, the properties of crystalline and amorphous oxide 
semiconductors are much more similar than what is typically observed in the 
case of amorphous and crystalline phases of other elemental and compound 
semiconductors. 
Nomura et. al. [1-11] have employed computer simulations with Extended X-
Ray Absorption Fine Structure (EXAFS) analysis to investigate amorphous 
structure of amorphous IGZO. The average coordination numbers for In, Ga and 
Zn atoms by the oxygen atoms are seen to be >5, ~5 and ~4, respectively. The 
distinguishing feature of a-IGZO is the peculiar coordination number of indium, 
which is the combination of 5- and 6-coordination sites. This is unlike crystalline 
IGZO which contains only 6-coordinate indium atoms. The 5% lower density of 
the amorphous phase has been attributed to this difference in the coordination 
observed in the two states. Yaglioglu [1-12] have concluded from their studies 
on amorphous IZO films that in a change in volume occurs due to the the 
annihilation or creation of oxygen vacancies during annealing. Moreover, 
relaxation of the amorphous phase is also observed regardless of the ambient. 
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1.4 CHAPTER OUTLINES 
 
Following the introduction in Ch. 1, Ch. 2 describes the work on microwave 
processing of arsenic-doped silicon. An attempt is made to probe into and 
understand the mechanism of microwave annealing of doped silicon. Shorter 
processing times have been achieved with susceptor-assisted microwave heating 
of the ion-implanted silicon. Ceramic composite susceptors, made of alumina and 
silicon carbide (SiC), have been used to achieve the required temperatures for 
repairing the lattice damage caused by As doping and for the electrical activation 
of the As dopants.  
Chapter 3 describes the work on amorphous indium-zinc oxide (a-IZO) thin films 
deposited on a flexible polymer substrate polyethylene naphthalate (PEN). 
Complete electrical and optical characterization of the a-IZO thin films is 
presented, along with the effect of annealing in different ambient environments on 
the electrical and optical properties. Through this effort, an attempt to better 
understand the mechanism of carrier-generation in amorphous thin films is made. 
This is very crucial in the light of processing constraints imposed by the organic 
polymer substrates used which do not allow high temperatures. The effect of low-
temperature anneals in air, oxygen, and vacuum on the properties of amorphous 
indium-zinc oxide thin films grown on polyethylene naphthalate (PEN) is studied.  
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Electrical, optical and surface characterization was carried out before and after 
annealing. An approximately 62-fold increase in the Haacke figure of merit was 
achieved by annealing the films in air at 150 ºC for 6 hrs. The difference in 
electrical performance of films annealed in different environments indicated the 
role of oxygen vacancies in electrical conduction. The degradation in electrical 
properties upon annealing in oxygen was achieved by subjecting the films to a 
subsequent vacuum anneal. A model for electron scattering was used to compare 
the measured and calculated values of carrier mobility and it showed that the 
mobility was influenced by structural defects at low carrier concentrations (1-
4×10
18
 cm
-3
). 
 
Chapter 4 elucidates the obtainment of a-IGZO thin films of the highest 
transmittance reported in literature. The films were deposited onto flexible 
polymer substrates at room temperature employing RF sputtering. The films were 
annealed in vacuum, air, and oxygen to enhance electrical and optical 
performance.  Electrical and optical characterization was done before and after 
annealing. A partial reversal of the degradation in electrical properties upon 
annealing in oxygen was achieved by subjecting the films to subsequent vacuum 
anneal. A model based on film texture and structural defects which showed close 
agreement between the measured and calculated carrier mobility values.  
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Chapter 5 reports fabrication, characterization and processing of high conductivity 
IGZO/Ag/IGZO multilayer structures with high transmittance. For multilayers 
with 7 nm Ag layer, the carrier concentration was 1×10
22
 cm
−3
 and resistivity was 
6.7×10
−5
 Ω cm, while still achieving Tavg at 87%, resulting in FOM of 1.7×10
−2
 
Ω−1. Low resistivity and high Tavg were obtained when the Ag layer thickness 
corresponds to the initial formation of a continuous metal layer. The multilayers 
were subsequently microwave-annealed which resulted in decrease in the oxygen 
vacancy concentration thereby reducing the free carrier absorption and improving 
the Tavg. This was confirmed by furnace-annealing the films in oxygen 
environment. The difference in the extent of improvement in the optical 
transmission upon annealing by the two methods was explained by the longer 
duration of oxygen anneals. 
 
The complete work is summarized and future work is detailed in Ch. 6. For the 
microwave processing of materials – both covalent semiconductors like silicon 
and amorphous transparent conducting oxides like IGZO, it may be attempted to 
process samples of bigger sizes. This may be used for investigating into any non-
uniformities resulting from the microwave anneals. Moreover, use of multiple-
frequency microwave cavity applicators may be employed to obtain better 
uniformity and possibly to further hasten the processing. In this study, the 
microwave anneals have been carried out in ambient conditions. Various other 
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environments like inert gases (e.g. argon), oxidizing environments (e.g. oxygen) 
and reducing environments (e.g. forming gas) may be used and their effect studied 
on the properties of materials being processed.   
 
The effect of deposition conditions and annealing IGZO thin films on the 
emissivity of the films may be studied and their emissivities compared to the 
existing commercial low-emissivity (‘low-e’) coatings available. For the 
IGZO/metal/IGZO multilayer structures, different metals may be tried and their 
relative electrical and optical performance may be studied. Some choices for the 
metal layer are gold and copper. Deposition of IGZO thin films may also be tried 
by a sol-gel route and its stability and manufacturability compared with the RF 
sputtering at room temperature. Also, mechanical properties of the IGZO thin 
films on flexible polymer substrates like PEN and PET may be studied and 
compared, along with the investigation into their robustness to humidity. 
Temperature and humidity-controlled chambers (T&H chambers) may be used for 
the same. 
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Chapter 2 
DOPANT ACTIVATION IN AS IMPLANTED SI BY SUSCEPTOR-
ASSISTED MICROWAVE ANNEALING 
I. INTRODUCTION 
For more than four decades, silicon device features have been rapidly scaled 
down, driven by the requirements stated in the International Technology 
Roadmap for Semiconductors (ITRS). According to the roadmap, physical gate 
lengths will need to be reduced to 13 nm by 2013, with corresponding junction 
depths of less than 9 nm [2-1].  While faster device performance can be achieved 
by reduction of critical dimensions, the scaling down presents various processing 
challenges. For example, as junction depths decrease the contact resistance 
increases resulting in increased power dissipation [2-2].  Significant increases in 
dopant concentration are needed to offset the effects of the scaling down of device 
features.  The most commonly used method for the introduction of dopant atoms 
is ion implantation. Concentrations of implanted atoms exceeding 10
20 
cm
-3 
are 
already used in production today [2-3]. Increasing the doping concentration alone 
is not sufficient; high doping along with electrical activation of the dopant atoms 
ensures a decrease in resistivity of the doped silicon and thereby a reduction of the 
contact resistance [2-4].  
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The implantation of high concentrations of dopants into the silicon results in a 
highly damaged silicon surface layer, especially when implanting heavy atoms 
such as arsenic. The depth of the damaged layer is directly proportional to the 
energy of the implanted dopant and could even extend well past the intended 
junction depth of the device region [2-4].  Large amounts of lattice damage result 
in increased sheet resistance. High temperature anneals are performed to repair 
the damage created during ion implantation and to activate the implanted dopants 
electrically [2-5].  The high temperature used for such processing gives rise to 
complications such as significant diffusion of dopant atoms. Both vertical and 
lateral diffusion of dopant atoms can degrade device performance [2-2].  Rapid 
thermal processing (RTP) has been used to reduce the diffusion of dopants during 
annealing with the most common methods being lamp and laser annealing [2-6].  
Both lamp and laser annealing can achieve the temperatures needed to repair a 
disordered silicon lattice and activate the dopant atoms. However, a shortcoming 
of both of these methods is the uneven heating caused by two factors: the 
difference in emissivities of the various near-surface device materials and the 
photons used in lamp and laser heating not penetrating beyond the surface regions 
of silicon [2-6,7].   
 
Microwave heating has been presented as a possible alternative to other RTP 
methods in silicon processing [2-7 - 2-10]. Thompson et al. have reported the 
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benefits of microwave heating for solid state reactions in silicon (i.e., silicide 
formation and Si layer exfoliation in H ion implanted Si) [2-11,12].  Microwave 
heating of silicon allows for more even, volumetric heating of the wafer due to the 
greater penetration depth of microwave radiation.  Rapid uniform microwave 
heating at relatively lower temperatures may result in less dopant diffusion [2-10]. 
Alford et al. have used microwave processing to study the comparative effects of 
microwave heating on highly damaged layers of boron and arsenic ion-implanted 
silicon [2-13]. In the present study, shorter processing times have been achieved 
with susceptor-assisted microwave heating of the ion-implanted silicon. Ceramic 
composite susceptors, made of alumina and silicon carbide (SiC), have been used 
to achieve the required temperatures for repairing the lattice damage caused by As 
doping and for electrical activation of the As dopants. Such susceptor-assisted 
microwave annealing helps reduce the processing times to 100 s. Microwave 
initiation of solid phase epitaxial re-growth (SPEG) is observed. Dopant 
activation and SPEG can take place in silicon at temperatures as low as 500 
o
C. In 
this paper we discuss the motivation for using the composite susceptors and the 
advantages of microwave annealing such as reduced processing time and near-
complete electrical activation of the dopants without allowing extensive dopant 
diffusion into the Si substrate. 
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II. EXPERIMENTAL 
 
Substrates used in this work consisted of p-type Arsenic doped (100) orientated 
silicon wafers that were cleaned using a Radio Corporation of America procedure. 
The cleaned silicon wafers were placed in an Eaton Nova NV10-180 batch 
process ion implanter. Selected wafers were implanted at room temperature with 
two different arsenic ion energies and two different dosages: 30 keV and 180 keV, 
0.51015 cm-2 and 11015 cm-2, respectively. To minimize ion channeling, all 
wafers were oriented with their surface normal 7
o
 from the incident beam, and 
with a 45
o
 in plane twist. Wafer heating was minimized by coating the wafer 
backs with a thermal conductive paste prior to loading the wafers.  
 
Microwave anneals of the arsenic implanted silicon were performed in a single-
frequency (2.45 GHz), 2.8104 cm3 cavity applicator microwave system equipped 
with a 1300 W magnetron source. Silicon carbide coated alumina susceptor (SiC-
Al2O3) microwave susceptors were used to obtain temperatures needed for dopant 
activation and SPEG and to enable uniform heating.  Microwave susceptors have 
been shown as a viable alternative to primary microwave heating, especially in 
materials which do not absorb much more microwave power at lower 
temperatures [2-12].  For this work the susceptor was placed below the implanted 
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silicon substrate in order to achieve higher surface temperatures, which ranged 
620–720 oC depending on process time. 
 
 Fig. 2-1. Experimental setup showing the susceptor and the sample. 
 
Figure 1 shows the experimental setup with the susceptor and sample. The silicon 
carbide susceptor contained silicon carbide particles dispersed in an alumina 
matrix. The cylindrical shell of the susceptor was cut in half. A stage the size of 
the implanted samples (1cm×1cm) was cut on the convex side of the semi-
cylindrical piece of the susceptor. The depth of the stage was kept the same as the 
thickness of the implanted sample. The flat stage, as opposed to the curved 
surface, promotes uniform heat transfer from the susceptor to the sample.  
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Anneal times ranged from 40 to 100 s. A Raytek Compact MID series pyrometer 
with a spectral response of about 3.9 µm (with a temperature range of 200 to 1200 
ºC) was used to monitor the near surface temperature.  The pyrometer was set for 
the emissivity of Si (0.7), which depends on the wavelength used, the material’s 
dielectric parameters, and the temperature range [2-14].  
 
Figure 2-2 shows a typical plot of surface temperature versus anneal time for a 
1×10
15
 As
+
 cm
-2 
sample during microwave annealing, with and without using a 
susceptor. The anneal time is defined as the duration between when the 
microwave is switched on and when the microwave is turned off. Once the 
microwave was turned off, the cavity was opened and a Type-K thermocouple 
was brought into contact with the sample surface. The readings from the 
pyrometer and the thermocouple were compared and found to be within 10 ºC of 
each other. Un-assisted microwave anneals (without a susceptor) were also 
carried out on the samples. In this case, the surface temperatures were observed to 
be under 100 ºC for similar anneal times. 
 
Samples were characterized prior to, and after microwave annealing. Implant 
damage was quantified by Rutherford backscattering spectrometry (RBS) and ion 
channeling using a 2.0 MeV He
+
 analyzing beam. Samples were analyzed in 
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random and [001] channeled orientations. Helium
 
ions were collected using a 
solid state detector, positioned 13
o 
from the incident beam. The software program 
RUMP was used to simulate damaged-layer thicknesses and ion dose
15
. 
Secondary ion mass spectroscopy (SIMS) was done with a Cameca IMS 3f 
magnetic-sector tool to study and compare depth profiles of the un-annealed and 
microwave-annealed samples. The SIMS analysis utilized O2
+
 as the primary ions 
with an impact energy of 12.5 keV and 60 nA ion current. Inspection of the 
microstructure was done using cross-section transmission electron microscopy 
(XTEM) using a Philips CM200-FEG TEM at an operating voltage of 200 kV. 
Defect contrast was enhanced using 220 bright-field and dark-field imaging. TEM 
samples were prepared using a FEI835 focused-ion beam tool with a gallium ion-
source.   
 
To monitor dopant activation, sample surfaces were contacted with an in-line 
four-point-probe equipped with a 100 mA Keithley 2700 digital multimeter. To 
determine carrier concentration and mobility after microwave processing, Hall- 
effect analysis was performed using an Ecopia HMS-3000 Hall effect 
measurement system.  Samples were mounted to printed circuit boards using 
silver paint.  
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III. RESULTS 
 
Arsenic implanted silicon samples were annealed with microwaves to study the 
extent to which the damage caused by ion implantation can be repaired. With the 
use of the susceptor, Si surface temperatures as high as 720 ºC were achieved with 
only a 100 s microwave anneal. In comparison, the temperatures achieved without 
susceptors were below 100 ºC, as shown in Fig. 2. The average heating rate was 
observed to be the same for both medium and high dose samples (5×10
14
 As
+
 cm
-2 
and 1×10
15
 As
+
 cm
-2
) and for both of the implant ion energies (30 keV and 180 
keV). Duplicate anneals were done in which the wafers resided on the silicon 
carbide susceptor with the implanted surface layer face-up in some cases and for 
other cases with the implanted surface face-down. There was no significant 
difference in the surface temperatures recorded. 
 
Fig. 2-2: Plot depicting typical surface temperatures of the implanted wafers 
(monitored by a pyrometer) as a function of time during microwave annealing.   
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Table 2-1.Sheet Resistance and Hall-effect measurements along with the 
calculated microwave skin depth obtained from implanted silicon prior 
to and after 40 s of microwave annealing. The skin depth is calculated 
at 2.54 GHz. 
 
Implant description 
Sheet 
Resistance 
(Ω/sq) 
 
Mobility 
(cm
2
/V.s) 
Concentration 
(cm
-3
)
 
Skin 
depth 
(m) 
 
 
  
 
 30 keV, 51014 As+ cm-2 
 
1.11102  63.50
 
4.221019 532 
 
 
 
 
  30 keV, 11015 As+ cm-2 9.9102  53.14
 
8.371019 338 
 
 
 
 
  180 keV, 11015 As+ cm-2 
 
4.66101  64.66
 
9.961019  1012 
   
   
 
Before microwave anneals, all of the sheet resistance and Hall conductivity values 
were out of range on the respective instruments. Table I shows the results of Hall 
measurements done on the As
+
 implanted Si wafers microwave annealed for 40 s. 
For each of these measurements, the Ohmic character of the contact between the 
silver paint and the surface layer was tested. The skin depth was calculated for 
microwaves at the frequency 2.45 GHz which is used in the single-frequency 
microwave cavity applicator. 
 
Figure 2-3 displays the results of ion channeling analysis of silicon samples 
implanted with 30 keV, 11015 As+ cm-2 prior to and after microwave processing 
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using microwave susceptors. Spectrum (a) in Fig. 2-3 corresponds to the 
randomly oriented RBS spectrum for arsenic implanted silicon, spectrum (b) 
corresponds to as-implanted samples oriented in a [001] channeled direction, and 
spectrum (c) correspond to the [001] ion-channeled spectrum for arsenic 
implanted after the microwave anneal.   
 
Fig. 2-3: Backscattering spectra from 1×10
15
 As
+
 cm
-2 
: (a) as-implanted Si in the 
random orientation, (b) in a [001] channeled direction, (c) post 40 s anneal in a 
[001] channeled direction, (d) post 70 s anneal in a [001] channeled direction, and 
(e) virgin silicon in a [001] channeled direction. 
 
As can be seen in spectrum (b), an implant dose of 11015 As+ cm-2 is sufficient to 
produce a thin amorphous silicon layer at the surface of the implanted samples.  
Previous research has shown that the threshold dose for amorphization
15
 of the 
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silicon with arsenic implantation is approximately 21015 As+ cm-2.  RUMP 
simulation of spectra (b) in Fig. 2-3, determined the amorphous layer thickness to 
be 50 nm - approximately twice the projected range of 26.2 nm for 30 keV As
+
 
ions implanted into Si
15
. Spectrum (c) in Fig. 2-3 demonstrates that after 70 s of 
microwave processing, nearly all of the implant-induced damage in the arsenic 
implanted silicon has been removed. Comparison of spectrum (c) with the 
channeled spectrum (e) of virgin silicon reveals that the two spectra coincide. 
Normalized yield comparison or χmin is the ratio of the aligned yield to the random 
yield. Normalized yield comparison between spectrum (c) and (a) gave a χmin 
value of 0.04 while the χmin value for unimplanted silicon was 0.03, indicating 
more than 95% As
+
 on silicon sites. Figure 2-4 depicts the variation of %As in Si 
sites and the corresponding conductivity achieved with increasing microwave 
annealing time for Si doped with 30 keV 1×10
15
 As
+
 cm
-2
. The normalized yield 
of arsenic implanted samples did not decrease further with increasing anneal time 
to 100 s.   
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Fig. 2-4: Plot showing the variation of %As in Si sites and the corresponding 
conductivity achieved with increasing microwave annealing time for Si doped 
with 30 keV 1×10
15
 As cm
-2
. 
 
Sheet resistance was monitored between microwave anneals to determine the 
extent of dopant activation. The change in sheet resistance (Rs) during successive 
microwave anneals for the three types of
 
implanted silicon samples is depicted in 
Fig. 2-5. As can be seen in the figure, samples implanted with arsenic doses 
ranging 0.5–11015 cm-2 show that Rs of the implanted silicon falls dramatically 
within 40 s of microwave processing. Also, Rs nearly saturates for all microwave 
processing longer than 40 s.  Increasing implant dose corresponds to a decrease in 
the saturation value of Rs, an expected result if dopant activation occurs during 
microwave processing [2-2, 4].  This effect is indicative of arsenic activation in n-
type silicon. For a higher arsenic implant dose, the sheet resistance of implanted 
samples saturates at a lower value when the implanted arsenic is electrically 
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activated [2-2, 4].  Backscattering spectra similar to those in Fig. 2-3 confirm that 
processing beyond the saturation time has little effect on damage repair in arsenic 
implanted silicon samples. 
 
Fig. 2-5: Sheet resistance Rs and resistivity as a function of microwave time for Si 
implanted with ( ■ – 30 keV 5×1014 cm-2, ● – 30 keV 1×1015 cm-2, and     ▲– 180 
keV 1×10
15 
cm
-2
) As
+ 
and microwave annealed for 40, 70, and 100 s. 
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Fig. 2-6: XTEM images of Si implanted with 30 keV, 1×10
15
 As
+
 cm
-2
: (a) as-
implanted and (b) after 40 s microwave annealing 
 
In order to view the extent of microwave-induced recrystallization in ion-
implanted silicon, XTEM was performed on arsenic implanted and microwave 
annealed silicon samples. Figure 2-6 presents the results of XTEM analysis. The 
as-implanted samples contain an amorphous layer at the surface of the sample.  
The amorphous region is visible as the lightly shaded area in Fig. 2-6a. Figure 2-
6b demonstrates the effect of microwave processing of the sample pictured in Fig. 
2-6a for 40 s.  The XTEM micrograph shows that the amorphized Si has 
recrystallized, but with a small band of defects. Further microwave processing of 
arsenic implanted silicon samples resulted in XTEM micrographs (not shown) 
which demonstrated a diminishment of the defect bands shown in Fig. 2-6b.  
31 
 
Although Fig. 2-5 demonstrates that dopant activation occurs during microwave 
processing, it does not indicate the extent of dopant activation.  Hall effect results 
shown in Table I show the extent of dopant activation by displaying the resultant 
carrier concentrations. Combined with Fig. 2-5, these results show that the 
samples experienced near complete electrical activation with microwave 
annealing. Figure 2-7 depicts the SIMS profiles of arsenic dopants in the as-
implanted and microwave-annealed samples. As can be deduced from the figure, 
microwave anneals are able to repair the damage resulting from the ion 
implantation and also activate the dopants without significantly allowing them to 
diffuse deeper into the silicon substrate. This is a crucial requirement for modern 
annealing techniques where a high degree of diffusion of dopants into the 
substrate could result in reduced gate lengths and punch-through in channel 
regions of transistors [2-2,4]. 
 
Fig. 2-7: SIMS profiles of 
180keV 1×10
15 
cm
-2
 As
+
 in 
Si comparing unannealed 
and microwave-annealed 
wafers 
–   unannealed, 
…..
  annealed for 40 s,  
-
.
-
..
  annealed for 70 s. 
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IV. DISCUSSION 
 
Un-assisted microwave annealing of arsenic implanted samples has shown little 
change in the lattice damage or sheet resistance. Arsenic implanted silicon 
samples heated by microwaves alone experience a steady state temperature of 
under 100 
o
C as shown in Fig. 2-2. Such low temperatures are not sufficient to 
remove the induced lattice damage due to the high atomic-number (Z) arsenic 
atoms. Thus, higher temperatures are required to repair implant damage and 
electrically activate arsenic implanted silicon while also reducing the process 
times. 
 
The fundamentals of interaction of microwaves with matter can be understood 
through dielectric loss mechanisms. The interaction of microwaves with matter 
takes place through the electric field vector E and the magnetic field vector H 
belonging to the microwave. When subjected to an electric field, materials 
polarize creating an electric polarization P. When materials couple poorly with 
microwaves, a large part of the incident energy is converted to heat. There are 
three basic types of polarization in solids which lead to losses. The losses from 
space charges, arising from localized electronic conduction occur in the very low 
frequency region. In heavily doped Si, dipole polarization dominates at around 
10
10 
Hz and is the fundamental mode of energy transfer in the microwave heating 
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of semiconductors [2-16]. Atomic polarization is responsible for losses in the far 
infrared region, for frequencies up to 10
13
 Hz; while the electrons vibrating 
around the nucleus give rise to electronic polarization losses
17
 for frequencies in 
the UV region at 10
15
 Hz.  
 
The electric field of the microwave is given by E = E0e
iωt
 where E0 is the 
amplitude of the field, ω is the angular frequency, t the time, and i2= –1. The 
resulting flux density is D = D0e
i(ωt-δ)
 where δ is the phase angle associated with 
the time lag in polarizing the material. The electric flux density (electric 
displacement) comes from the applied electric field and the electric polarization: 
D = ε0E + P = εP where ε0 is the permittivity of free space. The dielectric 
constant is then given by εr* = ε/ε0 = εr’ – i εr”. The real part, which indicates the 
extent of penetration of microwaves into the material, is in phase with the field  
          


cos0
0'
E
D
r            (2-1) 
and the imaginary part, which represents the ability of the material to absorb the 
microwave energy, is out of phase with the electric field E: 


sin0
0''
E
D
r                  (2-2) 
The loss tangent [2-17] is given by tan δ = εr”/ εr’. Qualitatively, the loss tangent 
is the ratio of the extent of penetration of the microwave radiation, to the extent to 
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which the material can absorb and store that energy. The polarization losses 
together with conduction losses contribute to the overall dielectric loss factor εr”. 
 
A material can be characterized in three ways depending on its interaction with 
the microwaves: transparent (low dielectric loss materials) – where microwaves 
pass through with little attenuation; opaque (conductors) – where microwaves are 
reflected and do not penetrate; and absorbing (high dielectric loss materials) – 
where microwaves are absorbed to a certain degree based on the value of the 
dielectric loss factor. The power PAbs absorbed per unit volume is given by [2-18]: 
 
PAbs = ½ E0
2
 ω ε0 εr” = ½ E0
2
 ω ε0 εr’ tan δ           (2-3)  
 
Skin depth Dp is defined as the depth at which the electric field drops to 1/e = 
0.368 of the surface value. It is given by: 
f
Dp
1
             (2-4) 
where f is the frequency of the microwaves, µ is the permeability of the material 
and ζ is the conductivity.  
 
The polarization loss mechanism for electrical conductors differs from that of 
dielectrics since the free electrons in conductors propagate through the material in 
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the presence of an applied electric field. In this case, the conductor loses energy 
by resistive dissipation due to collisions of electrons with other electrons and 
atoms in the lattice structure. The power absorbed per unit volume in the 
conductor is P = ζ E2 where ζ is the conductivity of the material and E is the 
amplitude of the electric field. For semiconductors the dissipation mechanism 
depends on both the frequency and conductivity of the material. For low electrical 
conductivity and low temperatures, dipole losses dominate. For moderate and 
metallic conductivity (high temperature or doped material with electrically 
activated dopants), Ohmic conduction losses dominate [2-19]. 
 
At microwave frequencies, the skin depth in metals is of the order of microns due 
to their high conductivities. Insulators like alumina, on the other hand, have a 
much larger skin depth allowing the microwaves to penetrate deeper without 
getting absorbed. Therefore microwaves are able to heat the composite susceptors 
more evenly than metals. Moreover, unlike metals, the resistance of 
semiconductors rapidly decreases with temperature which promotes rapid heating 
[2-17]. 
 
In the present study, susceptors made of silicon carbide dispersed in alumina are 
used to assist the microwave heating of implanted silicon. Thus, they are 
composite materials where one of the phases (SiC) is a high-loss material while 
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the other (alumina) is a low-loss material. Such mixed absorbers take advantage 
of selective heating – one of the significant characteristics of microwave heating. 
The microwaves are absorbed by the component that has high dielectric loss while 
passing through the low-loss material with little drop in energy [2-20]. 
 
The susceptor-assisted microwave heating of the implanted silicon can be 
understood via the polarization mechanisms described above. As the microwave 
annealing begins, the high-loss silicon carbide couples with the microwaves and 
its temperature increases. At lower anneal temperatures, the arsenic dopants in 
silicon are still not electrically activated and do not contribute to electronic 
polarization losses. As mentioned earlier, the dipole polarization losses dominate 
at this low conductivity and low temperatures in the initial stages of annealing.  
 
As the temperature of the silicon carbide susceptor increases, heat is transferred 
from the susceptor to the silicon wafer through conduction. At any given instant, 
the rate PCond of heat transfer from the susceptor at temperature TSus to the silicon 
wafer of thickness d, cross-sectional area A and thermal conductivity ζth is given 
by: 





 

d
TT
AP SiSusthcond                 (2-5) 
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As the temperature of the silicon wafer rises, the thermal energy available 
promotes the repair of the lattice damage caused by ion implantation. As the 
silicon lattice regains lattice order, dopant atoms move to occupy substitutional 
lattice sites. The mechanism of diffusion of arsenic in silicon is predominantly 
through vacancies, the interstitialcy contribution being about 10% [2-21,22]. The 
arsenic dopants occupying silicon lattice sites form four covalent bonds with the 
neighboring silicon atoms and donate the remaining electron, thereby becoming 
electrically active. It is these donated electrons from the dopants that are now 
available for electrical conduction. As the number and concentration of carrier 
electrons in the lattice increases, the wafer becomes more conductive. The free 
electrons propagate through the lattice under the action of the sinusoidally varying 
electric field component of the microwaves and this gives rise to Ohmic 
conduction losses. For wafers with high conductivity, Ohmic conduction loss is 
the dominant mechanism of microwave heating. Figure 2-8 depicts the dominant 
mechanisms in such a susceptor-assisted microwave anneal: the dipole 
polarization losses dominate at lower temperatures, and subsequently the Ohmic 
conduction losses lead to volumetric absorption of microwaves in the implanted 
wafers. The microwave power absorbed per unit volume is given by Eq. (2-3). 
Moreover, the increased conductivity leads to a decrease in the skin depth Dp 
associated with the absorption of microwaves, according to Eq. (2-4). The skin 
depth values for the three wafers microwave annealed for 40 s each are listed in 
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Table I. The reduction in skin depth implies absorption of microwaves occurs 
only in the surface layers of the wafer and the rest of the incident power is 
reflected, similar to the behavior of metals exposed to microwave fields. Thus, the 
microwave power P absorbed by the wafer decreases as the temperature TSi of the 
wafer increases. 
 
 
Fig. 2-8: Schematic representation of dominant mechanisms of losses in a typical 
susceptor-assisted microwave anneal 
 
The peculiar shape of the temperature profile shown in Fig. 2-2 can be understood 
by considering the net heat exchange taking place in the system. Equation (2-5) 
implies that the rate of conduction of heat from the susceptor to the wafer PCond 
goes down as temperature TSi of the wafer rises and approaches the temperature 
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TSus of the susceptor. Thus the silicon wafer absorbs heat both from the susceptor 
and the microwaves, the rates of which go down as the temperature TSi of the 
wafer increases with time.  
 
The wafer loses thermal energy by radiation, due to its high surface temperature. 
The rate of loss of heat through radiation per volume (PRad) depends on the 
emissivity e, area A, volume V and temperature TSi of the wafer, given by the 
Stephan-Boltzmann Law: 
 
V
TTAe
P SurrSiRad
44 
             (2-6) 
where TSurr is the temperature of the surroundings to which the wafer radiates 
heat. The loss of thermal energy due to convection is neglected, as supported by 
the findings of Zohm, et al. [2-23], where the variations in gas density in the 
microwave anneal chamber was found to have no significant effect on the 
temperature profile.  
 
The net power absorbed per unit volume, PNet, can be related to the increase in 
temperature ΔT of the sample of density ρ and specific heat cp in time t as: 
 





 

t
T
cP pNet               (2-7) 
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PCond, PAbs and PRad together contribute to the net power absorbed per unit 
volume, PNet: 
 
PnNet = PCond + PAbs – PRad = ρ cp (ΔT / t)       (2-8) 
 
As detailed earlier, each of PCond and PAbs decrease as the temperature of the 
wafer increases. On the other hand the rate of heat loss, PRad, increases rapidly 
non-linearly (as a function of TSi
4
). Therefore as TSi increases, Pnet decreases 
causing the heating rate (ΔT/Δt) to decrease. This is in agreement with the typical 
observed temperature profile with a characteristic plateau as depicted in Fig. 2-2.  
 
The minimum microwave anneal time of 40 s was determined in the following 
way. Initially, an attempt was made to measure the sheet resistance values of 
unannealed wafers, all of which were out of range for the instrument. Then, 
increasing annealing times of 20, 25, 30, and 35 s, were used for different 
samples. This was continued until a measurable value of sheet resistance was 
obtained on the four-point-probe station, indicating a minimum anneal time of 40 
s. After this, two more anneal times of 70 s and 100 s were employed. As can be 
seen from Fig. 5, the sheet resistance Rs rapidly decreases with microwave 
annealing at 40 s and shows little decrease thereafter. This kind of behavior 
indicates the thermodynamic nature of the process of dopant activation. At 40 s, 
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typical surface temperatures achieved are about 600 ºC. Once above such 
temperatures, the additional annealing time improves the electrical properties of 
the implanted wafers only marginally, as seen from Fig. 2-5.  
 
The fraction of arsenic dopants occupying silicon sites can be calculated using the 
RBS spectra. Arsenic is believed to diffuse primarily through a vacancy 
mechanism, making it a predominantly substitutional impurity rather than an 
interstitial one [2-24]. For small concentrations of impurities (<1%), the presence 
of impurities does not affect the channeling properties of the host lattice. 
Therefore the close-encounter probability of a substitutional impurity follows the 
same angular dependence as that of the host lattice. A first order estimate of the 
substitutional fraction S of As in Si is given by [2-25]: 
 
           
 
 Si
AsS





1
1
              (2-
9), 
where χAs and χSi are the normalized yield comparison values for arsenic and 
silicon respectively. Figure 2-4 shows the values of S plotted against the anneal 
time. The fraction of arsenic dopants occupying silicon sites being as high as 95% 
indicates near-complete electrical activation.  
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As shown in Figs. 2-4 and 2-5, the values of S and Rsh, respectively saturate after 
70 s of microwave anneal, which corresponds to surface temperatures of about 
680 ºC. Additional microwave annealing of the samples beyond this time does not 
result in any significant improvement in the repair of the lattice damage or the 
conductivity of the implanted silicon.  
 
The advantages of subsequent volumetric heating of implanted silicon with 
microwaves are two-fold: quicker processing as well as minimal diffusion of 
dopants during annealing. Figure 2-7 shows SIMS profiles of the arsenic dopants 
for different annealing times. As can be seen from the figure, the dopants do not 
diffuse any deeper into the silicon substrate after annealing, as compared to the 
profile for the unannealed sample. The electrical activation of dopants without 
any significant diffusion into the substrate is of crucial importance. In silicon 
metal-oxide-semiconductor field-effect transistors, the polysilicon gate should be 
diffused with a uniform heavy concentration of dopant without penetration of the 
dopant into the channel region through the thin gate oxide [2-26]. Conventional 
annealing lacks the uniform volumetric heating characteristic of microwave 
processing, resulting in diffusion of dopants into the channel region making the 
channels shorter and creating a possibility of punch-through. In this light, 
microwave processing comes out as a viable alternative with shortened process 
times and enhanced quality of dopant activation. 
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Figure 2-6 shows the comparison between XTEM micrographs of unannealed and 
microwave-annealed implanted silicon wafers. As indicated in Fig. 2-6a, the 
amorphous layer present at the surface in the unannealed samples can be 
distinguished as the lightly shaded area. Fig. 2-6b displays the XTEM micrograph 
of the same sample after microwave annealing for 40 s. It is seen that the 
amorphous silicon layer has crystallized, but with a small band of defects present 
at about 50 nm from the surface which is about twice the projected range for 
arsenic dopants at 30 keV. Ion irradiation can give rise to deep-level interstitials 
which can then coagulate to form the defect band as seen in Fig. 2-6b. Employing 
the +1 model of implant-induced damage indicates an excess of interstitials after 
vacancy-interstitial annihilation during annealing of the damaged silicon [2-27, 
28]. The excess interstitials lie at the end of range (EOR) of the implant, at a 
depth approximately equal to the thickness of the amorphous layer in unannealed 
samples. RUMP modeling of spectra corresponding to the as-implanted samples 
gives the approximate thickness of the amorphous layer to be 50 nm, which is 
roughly twice the projected range of the 30 keV arsenic implantation species. 
There are no dislocation networks indicative of nucleated crystal growth within 
the amorphous layer. This indicates that the crystal regrowth mechanism during 
microwave annealing is SPEG, nucleating at twice the projected range (2Rp) [2-3, 
6]. This agrees with the XTEM micrographs observed by Alford et al. [2-13].  
 
44 
 
V. CONCLUSION 
 
This work has demonstrated that susceptor-assisted microwave processing is a 
viable means of dopant activation and damage repair in ion-implanted silicon. 
Arsenic implanted silicon samples were microwave processed assisted by SiC 
susceptors, to temperatures required for solid phase epitaxy in silicon.  The 
susceptor-assisted heating allowed attainment of temperatures above 700 ºC and 
thereby reducing processing times as well as achieving near-complete electrical 
activation of the dopants. Different microwave loss mechanisms were responsible 
for the conversion of microwave power to heat in the experimental set-up: dipole 
polarization losses in the susceptor in the low-temperature range and Ohmic 
conduction losses in the ion-implanted silicon in the high-temperature range. 
Sample surface temperatures ranged 620-730 
o
C. The characteristic shape of the 
temperature profile was explained. Microwave processing of arsenic-implanted 
silicon, for 40-100 s, resulted in the repair of nearly all radiation damage as 
monitored by sheet resistance and RBS. The process of dopant activation was 
observed to not be kinetically limited above a surface temperature of 680 ºC. 
Moreover, electrical activation of the dopants was achieved without any 
significant diffusion of the dopants deeper into the substrate, which is 
advantageous for the processing of modern field-effect transistors.  
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Chapter 3 
EFFECT OF ANNEALING IN  DIFFERENT ENVIRONMENTS ON 
ELECTRICAL AND OPTICAL PROPERTIES OF a-IZO FILMS ON 
POLYETHYLENE NAPHTHALATE 
 
I. INTRODUCTION 
Recent years have seen a tremendous increase in research activity in the area of 
flexible display technologies. Once developed, flexible flat panel display 
technologies will offer advantages like very thin profiles, lightweight and robust 
display systems, extreme portability due to the ability to flex, curve, conform, roll 
and fold a display, high throughput manufacturing, wearable displays integrated 
in garments and engineering design freedom. Two of the most important enabling 
technologies for flexible displays are transparent conducting layers and flexible 
substrates [3-1 - 3-3]. The flexible substrate used in the present study – 
polyethylene naphthalate (PEN) – is prepared by a process where the amorphous 
cast is drawn both in the machine direction and the transverse direction. The 
biaxially oriented film is then heat-set to crystallize it [3-3]. PEN films show 
lower coefficient of thermal expansion (CTE = 13 ppm/ºC), than polyethylene 
terephthalate (PET) films (CTE = 15 ppm/ºC). PEN also has higher values of 
Young’s modulus and tensile strength than PET, making it a substrate with better 
mechanical properties than PET [3-3]. The thermo-mechanical analysis carried 
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out by McDonald et al., shows that PEN suffers no elongation after it reaches the 
selected temperatures in the range 150ºC-200ºC at which it is held for 2 hours [3-
4]. 
 
For comparison of transparent conducting materials, Haacke [3-5] proposed a 
figure of merit (FOM) as 
s
avg
R
T 10
; where Tavg is the average optical transmittance and 
Rs is the sheet resistance. Currently, amorphous indium zinc oxide (a-IZO) is a 
material of great interest for transparent conducting layer applications because it 
has better etch characteristics than crystalline indium tin oxide (c-ITO) and also 
offers slightly lower resistivity than amorphous ITO (a-ITO) [3-6]. Amorphous 
IZO is also structurally stable and can be deposited onto unheated substrates, 
making it appropriate for use on polymeric substrates [3-5]. Han et al. have 
reported the crystallization of ITO films on PEN by annealing in air at 150 ºC [3-
7]. 
 
Polymer substrates are more advantageous than glass in terms of the flexibility 
and ease of handling; but their low glass-transition temperature (Tg) limit the 
process temperatures that can be used for subsequent display fabrication [3-3]. 
While PEN has a Tg of 120 ºC, its dimensional stability can be enhanced by heat 
stabilization, making it dimensionally reproducible up to 200 ºC. This temperature 
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is within the performance requirements of a flexible substrate for an OLED 
display [3-8]. In this paper, we report a 62-fold increase in the FOM of a-IZO 
films deposited on PEN upon annealing in air for 6 hrs. The effect of anneal in 
various environments on the electrical and optical properties, along with the 
conduction mechanism and factors governing carrier mobility is investigated. We 
also report near-complete reversal of degraded electrical properties on annealing 
in oxygen environment by subjecting the films to vacuum anneal. 
 
II. EXPERIMENTAL 
 
The a-IZO films were deposited on a 125 µm thick PEN substrate. The 
composition of the sputtering target was 40% In2O3 and 60% ZnO. The deposition 
was done at 300 W DC power and 16 mTorr of pressure, with 2% oxygen and 
balance argon. The thin film samples were annealed in different environments: 
air, oxygen and vacuum at 150 ºC for 2, 4, and 6 hrs. Electrical, optical, and 
surface characterization was carried out before and after each of the anneal steps. 
Sheet resistance measurements were done by contacting the sample surface with 
an in-line four-point-probe equipped with a 100 mA Keithley 2700 digital 
multimeter. To determine carrier concentration and mobility, Hall-effect 
measurement was employed with the use of an Ecopia HMS-3000 Hall effect 
measurement system.  To achieve an Ohmic contact with the a-IZO films, Ti/Au 
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contacts were deposited [3-9] employing a Denton physical vapor deposition 
system. The surface roughness of the a-IZO films was studied by atomic force 
microscopy (AFM) in acoustic mode (tapping mode), using a Molecular Imaging 
Pico SPM system. The optical transmittance and reflectivity of the films were 
measured with an Ocean Optics double channel spectrometer (model DS200) in 
the wavelength range of 300-800 nm. To study the extent of reversibility of 
degradation in the electrical properties upon annealing the films in oxygen, the 
films were subjected to vacuum anneals and their electrical and optical properties 
were measured after the anneals.  
 
 
III. RESULTS  
 
Figure 3-1 shows the dependence of sheet resistance on annealing time in various 
annealing environments. For comparison, the sheet resistance of as-deposited 
films is also shown. A 6 hr air-anneal results in a 45-fold decrease in sheet 
resistance, while the vacuum anneal results in a 12-fold reduction. In case of the 
oxygen ambient, the sheet resistance increased with increasing anneal times after 
an initial decrease, reaching 10
6
 Ω/sq after 6 hours of anneal. Figure 3-2 shows 
the variation in carrier concentration and carrier mobility in the a-IZO films which 
were annealed in air and vacuum. As the anneal time progresses, an increase in 
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carrier concentration is observed in both cases with vacuum-anneals resulting in 
higher carrier concentrations than the air-anneals. While the air-annealed samples 
show improved mobility, films annealed in vacuum show a decrease as anneal 
time increases. The films annealed in oxygen did not show reproducible carrier 
concentration and mobility values due to the increased resistivity.  
 
 
Fig. 3-1: Sheet resistance of as-deposited and annealed a-IZO films on PEN. 
Annealing temperature was 150 ºC. 
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Fig. 3-2: Carrier concentration and carrier mobility as functions of anneal time, 
for a-IZO films on PEN annealed in air and vacuum 
 
Figure 3-3 displays the transmittance spectra for un-annealed a-IZO films and 
those annealed for 6 hrs in the different anneal environments. To determine the 
Haacke figure of merit, the value of Tavg was calculated as [3-10]:  


dV
dTV
Tavg
)(
)()(


                                                (3-1) 
 
where T(λ) is the transmittance and V(λ) is the photopic luminous efficiency 
function defining the standard observer for photometry. After 6 hours of 
annealing in air, vacuum and oxygen, the values for the FOM were 9.0×10
-6
, 
2.4×10
-6
, and 1.2×10
-7-1, respectively; while un-annealed films gave a value of 
1.4×10
-7-1; giving a 62-fold improvement upon annealing in air. 
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Fig. 3-3: UV-Vis Transmittance spectra of un-annealed and annealed a-IZO films 
on PEN 
 
As seen in Fig. 3-3, the optical transmittance of as-deposited a-IZO films is above 
80% for most of the visible range of wavelengths. Figure 3-4 depicts the atomic 
force micrograph of a-IZO films annealed in air. The RMS surface roughness is 
seen to be 2.04 nm. Similar values were obtained for as-deposited, vacuum-
annealed and oxygen-annealed films (not shown), indicating no significant effect 
of annealing environments on the surface roughness. 
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Fig. 3-4: Atomic force micrograph of a-IZO films deposited on PEN and annealed 
for 6 hr at 150 ºC in air 
 
 
Figure 3-5 shows the variation of carrier concentration and carrier mobility with 
increasing anneal time for oxygen-annealed films subsequently annealed in 
vacuum, as compared to those annealed in vacuum. It is seen that with a 6 hr 
anneal in vacuum the films nearly regain the carrier concentration and mobility. 
This demonstrates the reversibility of degradation in electrical properties after 
oxygen-anneals. Hence, vacuum-anneals offer a way of reversing the effects of 
oxidizing environments on a-IZO thin films. Figure 3-6 shows the transmittance 
spectra for films annealed in vacuum and films annealed first in oxygen followed 
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by a vacuum-anneal. For comparison, the transmittance spectrum of unannealed 
a-IZO films is also shown.  
 
Fig. 3-5:  Carrier concentration and carrier mobility as functions of anneal time, 
for a-IZO films on PEN annealed in vacuum; and a-IZO films annealed in oxygen 
followed by annealing in vacuum 
 
Figure 3-7 shows the change in the absorption coefficient with incident energy on 
a-IZO films on PEN, annealed in different environments. The band-gap Eg is 
determined using α(h ν) h ν – Eg)
1/2
. The effective combined band-gap of the 
a-IZO+PEN structure is seen to be around 3.15 eV. From Fig. 3-7 it is seen that as 
the carrier concentration increases for the films after the anneals in air and 
vacuum. It is also noted that the effective band-gap undergoes a blueshift, 
according to the Burnstein-Moss effect [3-11]. 
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Fig. 3-6:  UV-Vis Transmittance spectra for a-IZO films on PEN annealed in 
vacuum; and in oxygen followed by annealing in vacuum 
 
 
Figure 3-7: Determination of the effective optical band gap for a-IZO films 
annealed in different environments 
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Figure 3-8: Resistivity, carrier concentration and carrier mobility as functions of 
anneal time, for a-IZO films on PEN annealed in air at 150 °C 
 
The a-IZO thin films on PEN were also subjected to longer anneals in air at 150 
°C for 12 and 24 hours, to investigate their stability. The effect of the anneals on 
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their electrical properties was also studied. Figure 3-8 shows the variation in 
resistivity, carrier concentration and carrier mobility for the a-IZO films annealed 
in air at 150 °C for 0, 2, 4, 6, 12 and 24 hrs. After an initial decrease in the carrier 
concentration with a corresponding increase in the carrier mobility, the carrier 
concentration is seen to rise with increasing anneal time. The carrier mobility 
suffers a significant reduction. Initially, the resistivity increases significantly but 
then slowly decreases with longer anneals.  
 
IV. DISCUSSION 
 
While efforts to control properties of IZO films on PET by changing the amount 
of hydrogen and oxygen gas as well as sputtering parameters during deposition 
have been reported [3-12 – 3-15]; studying the effect of anneal environments is 
useful in understanding the conduction mechanisms as well as improving 
performance of the films post-deposition. Electronic conduction in oxide 
semiconductors such as a-IZO depends on the number of vacancies as the source 
of free carriers and is independent of structural disorder [3-16]. This is reflected in 
the difference in electrical properties upon annealing in environments with 
varying concentrations of oxygen. At low oxygen concentrations, doubly charged 
oxygen vacancies are created: Oo
x
 = ½ O2(g) + V

o  + 2 e
- 
. At high oxygen partial 
pressure, doubly charged oxygen vacancies are consumed as the reaction above is 
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reversed, decreasing the carrier concentration. Free carriers are created at low 
oxygen potentials, as the reaction proceeds to the right [3-6]. This is reflected in 
the increased carrier concentration as shown in Fig. 3-1 and Fig. 3-2.  
As seen in Fig. 3-3, the transmittance spectra of films annealed in different 
environments differ significantly in the red wavelength region. In this region, the 
transmittance is mainly influenced by free carrier absorption where a high 
concentration of carriers results in more absorption and lower transmittance [3-
16]. For films annealed in oxygen, the transmittance is higher at longer 
wavelengths due to the lower concentration of carriers. For air-annealed and 
vacuum-annealed films, higher carrier concentration results in lower 
transmittance as compared to unannealed and oxygen-annealed films. FOM 
calculations using the data in Fig. 3-1 and Fig. 3-3 reveal that annealing in air 
gives the best FOM; indicating that for an optimum intermediate concentration of 
oxygen in the annealing environment, a significant increase in both electrical and 
optical properties can be achieved. 
 
As shown in Fig. 3-8, the long air-anneals at 150 °C do not seem to degrade the a-
IZO films deposited on PEN. There is a significant reduction in the resistivity 
obtained as the anneal time increases. The carrier mobility shows a reduction 
corresponding to the increase in carrier concentration, indicating that the 
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dominant mechanism of carrier scattering is through ionized impurities at those 
high levels of carrier concentration.  
 
Figure 3-9 depicts the relation between carrier concentration and carrier mobility 
for a-IZO films annealed in air. Carrier mobility calculated using a model based 
on electron scattering due to changes in texture and grain structure of the film [3-
18, 19] is also shown. The mobility was calculated as:  
 
 
mfeN
kTd
dd
r



23
2/322
0 )()(2                                          (3-3) 
where 
2/1
2
0 






Ne
TkBr
d

 is the Debye screening length. The dielectric constant 
(εr) of IZO is 8.1, estimated distance between acceptor centers (d) is 0.6 nm, 
density of acceptor-like surface defects (Nd) is 4×10
14
cm
-2
, occupancy fraction of 
acceptor centers (f) is 0.9, N is the carrier concentration, ε0 is the permittivity of 
free space, T is temperature and kB is the Boltzmann constant [3-18]. The close 
agreement between the measured and calculated carrier mobility values at low 
carrier concentrations (1-4×10
18
 cm
-3
) indicates that the mobility is mainly limited 
by texture and structural defects.  
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Figure 3-9: Mobility as a function of carrier concentration of a-IZO films on 
PEN: comparison between the calculated and measured mobility values for films 
annealed in air 
 
 
V. CONCLUSIONS 
 
In conclusion, the impact of low-temperature anneals in air, oxygen and vacuum, 
on the properties of a-IZO thin films grown on a PEN was investigated. An 
approximately 62-fold increase in the Haacke FOM was achieved by annealing 
the films in air at 150 ºC for 6 hrs. Difference in electrical performance of films 
annealed in different environments resulted from change in the concentration of 
oxygen vacancies. It was demonstrated that the degradation in the electrical 
properties upon exposure to oxidizing environment can be reversed by employing 
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further vacuum anneals. The agreement between the measured values of carrier 
mobility and the values calculated using a model showed that the mobility was 
influenced by structural defects at low carrier concentrations. 
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Chapter 4 
HIGHEST TRANSMITTANCE AND HIGH-MOBILITY 
AMORPHOUS INDIUM GALLIUM ZINC OXIDE FILMS ON 
FLEXIBLE SUBSTRATE BY ROOM-TEMPERATURE 
DEPOSITION AND POST-DEPOSITION ANNEALS 
 
 
I. INTRODUCTION 
 
Transparent conducting oxides (TCOs) are characterized by high electrical 
conductivity approaching that of metals, and high transmittance (>80%) in the 
visible region of the electromagnetic spectrum. Single-component TCOs such as 
zinc oxide [4-1 – 4-3] and tin oxide [4-4] have been studied extensively. For the 
past two decades, there has been increasing interest in multi-component TCOs 
with multiple cation oxides such as indium tin oxide [4-5], indium zinc oxide [4-
6], zinc tin oxide [4-7] etc. Among them, amorphous indium gallium zinc oxide 
(a-IGZO) has emerged as a promising candidate since the report of high-mobility 
(~10 cm
2
/Vs) films by Nomura et al. [4-8]. Such high-mobility amorphous TCOs 
find applications as channel layer materials in thin film transistors in flexible 
electronics [4-9,10]. The bottom of the conduction band in amorphous oxide 
semiconductors with post-transition-metal cations is essentially made of isotropic, 
spatially spread metal ns orbitals (where n is the principal quantum number). 
There is a direct overlap between neighboring metal ns orbitals which is not 
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affected by distorted chemical bonds which are present in the amorphous state. 
Thus the amorphous oxide semiconductors, which can be formed at room 
temperature, show mobilities similar to those of the corresponding crystalline 
phases [4-8, 4-11]. Hosono et. al. have illustrated the various advantages of 
amorphous oxides. [4-12, 4-13]. The manufacturability at room-temperature 
makes amorphous materials very attractive. Moreover, at such low temperatures, 
the oxides show smooth surfaces, which is advantageous for process integration. 
The disadvantages of having grain boundaries are also avoided. Hosono et. al. 
argue that the electronic transport in amorphous oxides is fundamentally different 
from that in silicon or a similar covalent semiconductor because the covalent 
conductors show strongly-directed sp
3 
bonds. Unlike these, the amorphous oxide 
semiconductors with post-transition metal cations where the isotropic and 
spatially expanded 4s, 5s and 6s orbitals form the conduction band minima. The 
oxide nature of these semiconductors implies air-processibility and 
thermodynamic stability. Amorphous IGZO is thermally stable in air up to ~500 
°C [4-8].  
 
Several aspects of amorphous indium gallium zinc oxide (a-IGZO) make it an 
attractive choice among the amorphous semiconductors. The Hall mobility of 
both crystalline and amorphous IGZO increases with increasing carrier 
concentration. In traditional covalent semiconductors, higher doping 
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concentration leads to increased ionized impurity scattering resulting in lower 
mobility. In IGZO the trend could be explained as follows [4-8]: in crystalline 
IGZO, as the doping concentration increases, the Fermi level rises, lowering the 
potential barrier experienced by the conduction band electrons due to grain 
boundaries, which are modeled as back-to-back Schottky barriers [4-14]. In a 
similar fashion, Nomura et. al. [4-8] explain the trend in a-IGZO in attributing it 
to the percolation model in which the tail state potential barriers resulting from 
the random amorphous bonding structure. Another property of IGZO as a choice 
for transparent thin film transistor (TTFT) channel material is the tenability of 
carrier concentration up to as low as 10
14
 cm
-3
 in order to achieve a low off 
current and a large drain on-to-off ratio [4-8].  
 
Amorphous IGZO films have been deposited employing various processes such as 
RF co-sputtering onto glass [4-15], and pulsed laser deposition (PLD) onto glass 
[4-16] and sputter deposition onto polyethylene terephthalate (PET) [4-8]. Low 
resistivity (7×10
-4
 Ω-cm) and high carrier mobility (16.6 cm2/V-s) a-IGZO films 
have been reported in the past, relegated to processing at elevated substrate 
temperatures [4-15,4-16].  High processing temperatures are not suitable for 
polymer-based substrates used in flexible optoelectronics [4-17]. Suresh et al. 
have reported degraded conductivity of a-IGZO films upon annealing in air [4-
18]. In the present chapter, room-temperature RF sputter deposition of a-IGZO 
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films onto flexible polymer substrates of polyethylene naphthalate (PEN) is 
reported. This part of the study achieved the highest transmittance (93%) reported 
in the literature along with high carrier mobility (17 cm
2
/V-s). The films were 
annealed in different environments to further enhance the electrical and optical 
properties. Carrier mobilities were calculated using a model based on film texture 
and structural defects which showed a close agreement with the experimentally 
measured values. 
 
II.  EXPERIMENTAL 
 
The a-IGZO films were deposited on PEN (Dupont Teonex® Q65) at room 
temperature using an RF sputter deposition system. The composition of the 
sputtering target was 99.99% InGaZnO4.The deposition was done at 100 W RF 
power and 10 mTorr of pressure using argon gas. Rutherford backscattering 
spectrometry (RBS) with a 2 MeV He
++
 ion beam was used to determine the 
composition of the thin films. Variable angle spectroscopic ellipsometry (VASE) 
analysis was done to determine the film thickness. Surface roughness was 
elucidated by atomic force microscopy (AFM) in acoustic mode (tapping mode), 
using a Molecular Imaging Pico SPM system. The thin film samples were 
annealed in different environments: air, oxygen, and vacuum at 150 ºC for 2, 4, 
and 6 hrs. Electrical and optical characterization was done before, and after each 
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of the anneal steps. Sheet resistance was measured by contacting the sample 
surface with an in-line four-point-probe equipped with a 100 mA Keithley 2700 
digital multimeter. To determine carrier concentration and mobility, Hall-effect 
measurements were done with the use of an Ecopia HMS-3000 Hall effect 
measurement system. The optical transmittance and reflectivity of the films were 
measured with an Ocean Optics double channel spectrometer (model DS200) in 
the wavelength range of 300-800 nm. To study the extent of reversibility of 
degradation in the electrical properties upon annealing the films in oxygen, equal 
duration of vacuum anneals were done and the electrical and optical properties of 
the films were measured. 
 
III. RESULTS 
 
The backscattering spectrum obtained from as-deposited a-IGZO thin films along 
with the RUMP simulation is shown in Fig. 4-1. The analysis revealed the film 
composition to be InGaZn0.76O3 demonstrating the oxygen-deficient nature of the 
films. The relative proportion of Ga and Zn was obtained using Helium-Induced 
X-Ray Emission (HeXE) analysis employing the same tandetron accelerator used 
for RBS. Film thickness was determined to be approximately 85 nm using VASE. 
The surface roughness of as-deposited films was found to be about 0.8 nm.  
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Fig. 4-1: Backscattering spectrum along with the RUMP simulation for the as-
deposited a-IGZO thin films on PEN. 
 
 
Fig. 4-2: Variation in the resistivity of a-IGZO films annealed at 150 ºC in 
different environments 
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Figure 4-2 shows the dependence of resistivity on annealing time in various 
annealing environments. For comparison, the resistivity of as-deposited films is 
also shown. Six-hour vacuum-anneals result in a decrease in resistivity to values 
below 5×10
-3
 Ω-cm; while, the air and oxygen anneals display a gradually 
increase the resistivity. Figure 4-3 shows the variation in carrier concentration and 
carrier mobility in the a-IGZO films annealed in different environments. As the 
anneal time progresses, an increase in carrier concentration is observed for 
vacuum-annealed films and values of carrier concentrations reaching 10
20
 cm
-3
. 
Air and oxygen-anneals result in continuous decrease in the carrier 
concentrations. The air-annealed samples show improved mobility; whereas, 
vacuum-annealed films show a decrease in mobility as anneal time increased. As 
shown in Figs. 4-2 and 4-3, the films subjected to oxygen-anneals followed by 
vacuum-anneals show a significant improvement over oxygen-annealed films and 
demonstrate a reversibility of the degrading effects upon annealing.  
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Fig. 4-3: Variation in carrier concentration and carrier mobility with increasing 
anneal time for a-IGZO films annealed at 150 ºC in different environments 
 
Figure 4-4 displays the transmittance spectra for un-annealed a-IGZO films and 
those annealed for 6 hrs in the different anneal environments. For comparison of 
transparent conducting materials, Haacke [4-19] proposed a figure of merit 
(FOM) as 
s
avg
R
T 10
; where Tavg is the average optical transmittance and Rs is the sheet 
resistance. To determine the Haacke figure of merit, the value of Tavg was 
calculated as [4-20]:  


dV
dTV
Tavg
)(
)()(



                                
(4-1) 
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where T(λ) is the transmittance and V(λ) is the photopic luminous efficiency 
function defining the standard observer for photometry. The Tavg for the as-
deposited films was 93.8%, giving an FOM of 5×10
-4
. After 6 hours of annealing 
in air, oxygen and vacuum, the values for the FOM were 4.4×10
-4
, 1.3×10
-4
, and 
6.2×10
-7-1, respectively; showing a 25% improvement in FOM after vacuum-
anneals. 
 
Fig. 4-4: UV-Vis transmittance spectra of un-annealed and annealed a-IGZO 
films on PEN substrates 
 
As seen in Fig. 4-4, the optical transmittance of as-deposited a-IGZO films is 
above 85% for most of the visible range of wavelengths. The annealed films show 
lower transmittance for short wavelengths due to higher reflectance. The 
transmittance in the longer wavelength region is mainly influenced by free carrier 
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absorption [4-21]. For films annealed in oxygen, the transmittance is higher at 
longer wavelengths due to the lower concentration of carriers. For air-annealed 
and vacuum-annealed films, higher carrier concentration results in lower 
transmittance as compared to the oxygen-annealed films. The transmittance of a-
IGZO films subjected to oxygen-anneals followed by vacuum-anneals shows a 
downward shift towards that of the films annealed in vacuum, showing the partial 
reversibility of the effects of oxygen anneal on the optical properties. 
 
IV. DISCUSSION 
 
Studying the effect of anneal environments is useful in understanding the 
conduction mechanisms as well as improving performance of the films post-
deposition. Electronic conduction in oxide semiconductors depends on the 
number of vacancies as the source of free carriers and is independent of structural 
disorder [4-22]. This is reflected in the difference in electrical properties upon 
annealing in environments with varying concentrations of oxygen. At low oxygen 
concentrations, doubly charged oxygen vacancies are created: Oo
x
 = ½ O2(g) + V

o  
+ 2 e
- 
. At high oxygen partial pressure, doubly charged oxygen vacancies are 
consumed as the reaction above is reversed, decreasing the carrier concentration. 
Free carriers are created at low oxygen potentials, as the reaction proceeds to the 
right [4-23]. This is reflected in the increased carrier concentration as shown in 
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Fig. 4-3. The oxygen vacancies act as ionic scattering centers for the electrons; 
this explains the decrease in carrier mobility at high carrier concentrations (> 
6×10
19
 cm
-3
). 
 
Fig. 4-5: Carrier mobility as a function of carrier concentration in a-IGZO films 
on PEN: a comparison between the calculated and measured mobility values 
 
Figure 4-5 depicts the dependence of carrier mobility on the carrier concentration 
for a-IGZO films. For amorphous indium zinc oxide (a-IZO) films, carrier 
mobility calculations have been done based on a model for electron scattering due 
to changes in texture and grain structure of the film [4-24]. The extension of this 
model allows for the determination of carrier mobility in a-IGZO films as:  
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 is the Debye screening length. Values of dielectric 
constant (εr), the estimated distance between acceptor centers (d), density of 
acceptor-like surface defects (Nd), occupancy fraction of acceptor centers (f) are 
similar to those used for a-IZO films by Martins et al. [2-24]. N is the carrier 
concentration, ε0 is the permittivity of free space, T is temperature and kB is the 
Boltzmann constant. The close agreement between the measured and calculated 
carrier mobility values indicates that the mobility is mainly limited by texture and 
structural defects at low carrier concentrations (2-6×10
19
 cm
-3
).  
 
V. CONCLUSION 
 
In summary, a-IGZO thin films of the highest transmittance reported in literature 
were deposited onto flexible polymer substrates at room temperature. The films 
were annealed in vacuum, air, and oxygen to enhance electrical and optical 
performance.  Electrical and optical characterization was done before and after 
annealing. A partial reversal of the degradation in electrical properties upon 
annealing in oxygen was achieved by subjecting the films to subsequent vacuum 
anneal. A model based on film texture and structural defects which showed close 
agreement between the measured and calculated carrier mobility values.  
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Chapter 5 
HIGHEST TRANSMITTANCE AND HIGH-MOBILITY A-IGZO 
FILMS ON FLEXIBLE SUBSTRATE BY ROOM-TEMPERATURE 
DEPOSITION AND POST-DEPOSITION ANNEALS 
 
 
I. INTRODUCTION 
 
Transparent conducting oxides (TCOs) exhibit a unique mix of properties – high 
electrical conductivity approaching that of metals and high transmittance (>80%) 
in the visible region of the electromagnetic spectrum. TCOs are widely used in the 
optoelectronic industry for flat panel displays and solar cells etc. [5-1, 2]. To 
achieve metallic conductivity with TCOs without significant loss in transmittance, 
TCO-metal-TCO thin films have been studied in the past [5-3 – 5-5].  Studies 
have been done with silver as the embedded metal layer due to its low resistivity 
[5-6 – 5-10]. Deposition conditions and the thickness of the metal layer 
significantly influence the resulting optical and electrical properties [5-11, 12]. 
The embedded metal layer should be uniform, thin and continuous for high 
transmittance. Formation of isolated Ag islands leads to increased resistivity as 
well as decreased optical transmittance due to light scattering [5-10]. Among the 
TCOs, amorphous indium gallium zinc oxide (IGZO) is a promising candidate 
due to its high mobility and high transmittance [5-13 – 5-15]. It has been 
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successfully deposited on various substrates as glass [5-15] and polyethylene 
terephthalate (PET) [5-13] using co-sputtering [5-14] and pulsed laser deposition 
techniques [5-15]. The deposition and characterization of TCO-metal-TCO films 
have been extensively studied; however there is a lack of studies with IGZO as 
the TCO layer. Moreover, low-temperature microwave anneals have been shown 
to induce similar effects as thermal anneals [5-16]. However, the microwave 
anneals often allow the similar results to occur at lower temperatures. This fact 
makes microwave processing ideal for flexible electronics and photovoltaics. To 
this date, the use of low-temperature microwave processing of TCO-metal-TCO 
films has not been explored. This letter reports the fabrication of IGZO/Ag/IGZO 
multilayer structures with the highest conductivity and transmittance for 
optoelectronics applications. Further improvement in the transmittance is also 
investigated using susceptor-assisted microwave anneals.  
 
II. EXPERIMENTAL 
 
IGZO thin films were deposited by RF magnetron sputtering onto glass substrates 
using argon gas at 10 mTorr at 100 W power. Silver was deposited by DC 
magnetron sputtering at 10 mTorr and 40 W. Each of the top and bottom IGZO 
layers was approximately 25 nm thick; while, the silver layer thickness was varied 
between 5 and 10 nm. Bare IGZO layers without any silver were also deposited 
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under identical conditions for comparison of properties. Rutherford backscattering 
spectrometry (RBS) was used for determining the film thicknesses using the 
RUMP computer simulation program [5-17]. Silicon witness substrates were used 
for the ease of running RUMP simulations on the multilayer structures. The 
sample was rotated by 60 degrees with respect to the He
++
 beam so as to increase 
the signal from the sandwiched metal layer. Inspection of the microstructure was 
done using cross-section transmission electron microscopy (XTEM) using a 
Philips CM200-FEG TEM at an operating voltage of 200 kV. Defect contrast was 
enhanced using 220 bright-field and dark-field imaging. TEM samples were 
prepared using a FEI835 focused-ion beam tool with a gallium ion-source.   
 
Carrier concentration and mobility were measured by Hall measurements 
employing the van der Pauw configuration on the Ecopia HMS 3000. Sheet 
resistance was measured by a four-point probe equipped with a 100 mA Keithley 
2700 digital multimeter. The optical transmittance and reflectivity of the films 
were measured with an Ocean Optics double channel spectrometer (model 
DS200) in the wavelength range of 300-800 nm. Multilayer films with selected 
thicknesses of the Ag layer were annealed for 10 s in a single-frequency (2.45 
GHz) cavity applicator microwave system, using a silicon carbide susceptor. A 
Raytek Compact MID series pyrometer was used to monitor the temperature. 
The peak temperature reached was 220 °C.  
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III. RESULTS 
 
Figure 5-1 shows the backscattering spectrum and the corresponding RUMP 
simulation obtained on one of the various IGZO/Ag/IGZO multilayers deposited 
on a silicon witness substrate. From the simulation, the thickness of the 
sandwiched Ag layer in the particular multilayer structure was determined to be 
about 7.2 nm.  
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Fig. 5-1: RBS spectrum and the RUMP simulation on the IGZO/Ag/IGZO 
multilayer structure.  
 
 
 
Figure 5-2 shows the XTEM micrographs of IGZO/Ag/IGZO multilayers 
obtained with varying thickness of the sandwiched metal layer. It is seen that the 
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multilayers with the thinnest Ag layers show discontinuities and island-like 
formations. This is similar to the observations by Sivaramakrishnan et al. [5-5] 
and Indluru et al. [5-10] in case of the ZnO/metal/ZnO and ITO/metal/ITO 
multilayers, respectively.  As the thickness of the metal layer increases, the layer 
becomes more uniform and continuous. 
 
 
Fig. 5-2: XTEM micrographs of IGZO/Ag/IGZO multilayer structures with 
varying thickness of the sandwiched Ag layer.  
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Fig. 5-3: Resistivity and sheet resistance of the IGZO/Ag/IGZO thin films as a 
function of silver layer thickness. 
 
Figure 5-3 shows the dependence of the resistivity and sheet resistance of the 
IGZO/Ag/IGZO films on the Ag thickness. For the bare 60 nm thick IGZO films, 
the resistivity and sheet resistance values are 6.4×10
-3
 Ω-cm and 1000 Ω/sq., 
respectively. For the IGZO/Ag/IGZO multilayers, the resistivity drops to 4.2×10
−5 
Ω-cm at 9.8 nm of Ag thickness. The sheet resistance decreases from 1000 Ω/sq. 
to 10.1 Ω/sq.  
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Fig. 5-4: Hall mobility and carrier concentration of the IGZO/Ag/IGZO thin films 
as a function of silver thickness. 
 
Figure 5-4 shows the carrier concentration and mobility of the multilayer 
structures as a function of the thickness of the sandwiched Ag layer. It is seen that 
the incorporation of the metal layer significantly increases the carrier 
concentration of the multilayer system, and the carrier concentration steadily 
increases with increasing thickness of the Ag layer. The carrier mobility first 
shows a significant drop for very thin Ag layers and then increases with 
increasing Ag layer thickness.  
 
Figure 5-5 shows optical transmittance spectra relative to the glass substrate for 
the IGZO/Ag/IGZO thin films for different Ag thicknesses. The transmittance of 
bare IGZO films is about 90% over the visible range of wavelengths. With the 
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silver mid-layers, Tavg drops to between 83% and 88%. Haacke [5-18] proposed a 
figure of merit (FOM) for TCO as 
s
avg
R
T 10
; where Tavg is the average optical 
transmittance and Rs is the sheet resistance. To determine the Haacke FOM, the 
value of Tavg was calculated as [5-5]:  
 


dV
dTV
Tavg
)(
)()(


                                                (5-1) 
 
 
 
where T(λ) is the transmittance and V(λ) is the photopic luminous efficiency 
function defining the standard observer for photometry [5-19]. The figures of 
merit for the 5, 6, 7.2, 8.6 and 9.8 nm films were 7.9×10
−4
, 1.6×10
−2
, 1.7×10
−2
, 
1.67×10
−2
, and 1.64×10
−4
  Ω−1, respectively. The best figure of merit is obtained 
for the thinnest continuous Ag layer at thickness 7 nm. 
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Fig. 5-5: UV-Vis Transmittance spectra relative to the glass substrate for the 
IGZO/Ag/IGZO thin films.  
 
 
Fig. 5-6:  Average transmittance (Tavg) for IGZO/Ag/IGZO thin films with 
varying silver thickness, before and after microwave annealing for 10 s and 
furnace-annealed in oxygen environment at 150 °C. 
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Figure 5-6 shows the effect of susceptor-assisted microwave annealing for 10 s 
and furnace annealing in oxygen environment for 2 hrs at 150 °C on Tavg for 
IGZO/Ag/IGZO multilayers for select thicknesses of Ag mid-layer. In both cases, 
Tavg shows an increment, with the microwave-anneals resulting in a higher Tavg 
than the corresponding oxygen-anneals. The Tavg for the un-annealed and 
annealed samples decreases with increasing Ag layer thickness.  
 
IV. DISCUSSION 
 
In this study, IGZO/Ag/IGZO multilayer structures are fabricated, characterized 
and their optical performance further improved by low-temperature annealing. 
The fabrication has been achieved at room-temperature using RF and DC 
sputtering, making it a suitable route for flexible substrates in addition to being a 
cost-effective and scalable process. Complete physical, electrical and optical 
characterization has been carried out. The optical performance of the multilayers 
is seen to further improve upon subjecting them to microwave-anneals and 
furnace-anneals in oxygen environment at 150 °C.  
 
The reduction in resistivity can be understood by examination of the change in 
carrier concentration and mobility as shown in Fig. 5-4. The carrier concentration 
increases with increased thickness. The carrier concentration of bare IGZO is 
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about 5.7×10
19
 cm
−3
. With a 9.8 nm Ag mid-layer, the carrier concentration is 
increased by nearly three orders of magnitude to 1.5×10
22
 cm
−3
. As noted by 
Indluru et al., the majority of the conduction thus happens through the 
sandwiched metal layer [5-10]. The carrier mobility for IGZO/3 nm Ag/IGZO is a 
low 1.6 cm
2/V s; while, the carrier concentration (5×1021 cm−3) is two orders of 
magnitude higher than for bare IGZO films. The behavior shown by the carrier 
mobility is a peculiar trend. For the multilayer with the thinnest Ag layer, the 
metal layer is discontinuous with island-like formations as seen from Fig. 5-2. 
This discontinuous nature of the metal layer leads to a significant drop in the 
carrier mobility. The mobility then increases as the thickness of the metal layer 
increases. The work function of silver (ϕ = 4.5 eV) is smaller than that of IGZO (ϕ 
= 5 eV) [5-20, 21]. As a result, an Ohmic contact is formed at the metal-TCO 
interface with an accumulation of majority carriers in the IGZO layer. There is 
significant injection of carriers into the IGZO layer due to the difference in the 
work functions. This results in the substantial increase in conductivity of the 
multilayer structure even with 5 nm of silver mid-layer. However at this low Ag 
thickness, the IGZO/Ag/IGZO structure has much lower mobility than the bare 
IGZO films (Fig. 5-4) indicating that most of the current passes through the IGZO 
layer with the Ag islands acting as scattering sites that reduce the mobility. This is 
similar to the observation by Sivaramakrishnan and Alford in the case of 
ZnO/Cu/ZnO multilayer structures [5-4]. Further increases in the thickness of the 
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Ag mid-layer results in near-continuous metal layer formation as indicated by the 
increase in carrier concentration. At these thicknesses, the Ag mid-layer conducts 
a significant current. The net mobility is a result of the low mobility in the IGZO 
layer and the higher mobility in the discontinuous silver layer. At about 6 nm Ag 
thickness, the carrier concentration reaches the 1×10
22
 cm
−3
 range and suggests 
continuous Ag layer formation. For thicker Ag layers, most of the current passes 
through the low resistivity silver layer. Initially, the low mobility can be explained 
by high interface scattering from the thin Ag layer; but it gradually increases with 
increasing Ag thickness. 
 
Silver particles of size less than a tenth of the wavelength of the light are known 
to absorb light by Mie resonance, with the resonant wavelength showing a 
blueshift with decreasing particle size [5-22]. Thus, the absorption in the silver 
films used in this study is mainly by Mie resonance in which the electrons can be 
treated as bound plasma oscillating at the plasma resonance frequency which lies 
in the UV region [5-23]. As seen in Fig. 5-3, transmittance at shorter wavelengths 
decreases as silver thickness increases up to 7 nm which can be explained by 
discontinuous Ag films causing increased scattering losses. Beyond this the 
transmittance increases with increasing Ag mid-layer thickness as the metal layers 
become continuous. In the red wavelengths, the scattering losses lead to reduced 
transmittance for 5 nm thick Ag layer and increases as the films start to become 
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continuous. Further increase in Ag mid-layer thickness leads to decreasing 
transmittance. The optical transmittance results support the conclusion that the Ag 
layer becomes continuous at a thickness greater than 6 nm and agrees with the 
conduction behavior.   
 
As the thin films are microwave-annealed in air, the concentration of doubly-
charged oxygen vacancies reduces according to ½ O2(g) + V

o  + 2 e
-  Oo
x
. The 
reduced oxygen vacancy concentration leads to reduced carrier concentration in 
the IGZO layers and subsequently increased transmittance due to lower 
absorption by the free carriers, which dominates at longer wavelengths [5-24]. 
The sheet resistance of the annealed samples with Ag mid-layer was observed to 
be the same before and after the annealing. Since majority of the current passes 
through Ag mid-layers, reduced carrier concentration in IGZO layers is not seen 
to affect the overall conductivity of the multilayer structure. The confirmation of 
the role of oxygen vacancies in the optical absorption is obtained through the 
furnace-annealing of the IGZO/Ag/IGZO multilayer structures in oxygen 
environment at 150 °C. The oxygen-anneals also result in an improvement in the 
average transmittance. Higher degree of improvement in the case of microwave 
anneals could be explained by higher temperatures achieved during microwave 
anneals. Moreover, the microwave anneals are very short (10 s) as compared to 
the oxygen anneals (2 hrs). Longer anneals avoid any kinetic barrier in the 
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activation of dopants and hence may result in higher level of dopant activation, 
which leads to a smaller reduction in carrier concentration as compared to very 
short anneals and hence a smaller improvement in the optical performance. IGZO 
layers without any sandwiched metal layer have been used as a control in this 
study, helping to confirm the role of oxygen vacancies in the improvement in 
optical transmittance upon annealing. 
 
V. CONCLUSION 
 
In conclusion, high conductivity IGZO/Ag/IGZO films with high transmittance 
were obtained. For multilayers with 7 nm Ag layers, the carrier concentration was 
1×10
22
 cm
−3
 and resistivity was 6.7×10
−5
 Ω-cm, while still achieving Tavg at 87%, 
resulting in FOM of 1.7×10
−2
 Ω−1. Low resistivity and high Tavg were obtained 
when the Ag layer thickness corresponds to the initial formation of a continuous 
metal layer. The multilayers were subsequently microwave-annealed which 
resulted in decrease in the oxygen vacancy concentration thereby reducing the 
free carrier absorption and improving the Tavg . This was confirmed by furnace-
annealing the films in oxygen environment.  
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Chapter 6 
SUMMARY AND FUTURE WORK 
 
I. SUMMARY OF RESEARCH WORK 
 
In this study, improved electrical and optical properties upon thermal and 
microwave processing of mixed-oxide semiconductors is reported. First, arsenic-
doped silicon was used as a model system to understand susceptor-assisted 
microwave annealing. Arsenic implanted silicon samples were microwave-
processed assisted by SiC susceptors, to temperatures required for solid phase 
epitaxy in silicon.  The susceptor-assisted heating allowed attainment of 
temperatures above 700 ºC and thereby reducing processing times as well as 
achieving near-complete electrical activation of the dopants. Different microwave 
loss mechanisms were responsible for the conversion of microwave power to heat 
in the experimental set-up: dipole polarization losses in the susceptor in the low-
temperature range and Ohmic conduction losses in the ion-implanted silicon in 
the high-temperature range. Sample surface temperatures ranged 620-730 
o
C. The 
characteristic shape of the temperature profile was explained. Microwave 
processing of arsenic-implanted silicon, for 40-100 s, resulted in the repair of 
nearly all radiation damage as monitored by sheet resistance and RBS. The 
process of dopant activation was observed to not be kinetically limited above a 
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surface temperature of 680 ºC. Moreover, electrical activation of the dopants was 
achieved without any significant diffusion of the dopants deeper into the 
substrate, which is advantageous for the processing of modern field-effect 
transistors. 
 
Mixed oxide semiconductor films of indium zinc oxide (IZO) and indium gallium 
zinc oxide (IGZO) were deposited by room-temperature RF sputtering on flexible 
polymer substrates. Thermal annealing in different environments - air, vacuum, 
oxygen and forming gas was done. Electrical and optical characterization was 
carried out before and after annealing.  
 
For the a-IZO films on PEN, an approximately 62-fold increase in the Haacke 
FOM was achieved by annealing the films in air at 150 ºC for 6 hrs. Difference in 
electrical performance of films annealed in different environments resulted from 
change in the concentration of oxygen vacancies. It was demonstrated that the 
degradation in the electrical properties upon exposure to oxidizing environment 
can be reversed by employing further vacuum anneals. The degree of reversal in 
the degradation in electrical properties of the thin films upon annealing in oxygen 
was assessed by subjecting samples to subsequent vacuum anneals. The 
agreement between the measured values of carrier mobility and the values 
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calculated using a model showed that the mobility was influenced by structural 
defects at low carrier concentrations. 
 
Amorphous IGZO thin films of the highest transmittance reported in literature 
were deposited onto flexible polymer substrates at room temperature. The films 
were annealed in vacuum, air, and oxygen to enhance electrical and optical 
performance.  Electrical and optical characterization was done before and after 
annealing. A partial reversal of the degradation in electrical properties upon 
annealing in oxygen was achieved by subjecting the films to subsequent vacuum 
anneal. A model based on film texture and structural defects which showed close 
agreement between the measured and calculated carrier mobility values.  
 
To further increase the conductivity of the IGZO films, Ag midlayers of various 
thicknesses were embedded between two IGZO layers. Optical performance of 
the multilayer structures was improved by susceptor-assisted microwave 
annealing without compromising on their electrical conductivity. The post-
processing of the films in different environments was used to develop an 
understanding of mechanisms of carrier generation, transport and optical 
absorption. The microwave and furnace anneals resulted in decrease in the oxygen 
vacancy concentration thereby reducing the free carrier absorption and improving 
the Tavg. This was confirmed by furnace-annealing the films in oxygen 
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environment. The difference in the extent of improvement in the optical 
transmission upon annealing by the two methods was explained by the longer 
duration of oxygen anneals. 
 
This study establishes IGZO as a viable transparent conductor, which can be 
deposited at room-temperature and processed by thermal and microwave 
annealing for applications in flexible electronics and optoelectronics. It can also 
be used as the highly transparent TCO component of TCO/metal/TCO multilayer 
structures offering very high conductivity and optical transmittance. 
 
II. FUTURE WORK 
 
In the present study, thermal and microwave processing of thin film samples has 
been carried out. For the microwave processing of materials – both covalent 
semiconductors like silicon and amorphous transparent conducting oxides like 
IGZO, it may be attempted to process larger samples. This may be used for 
investigating into any non-uniformities resulting from the microwave anneals. 
More number of temperature probes may be used. Electrical properties like sheet 
resistance may be measured at various points on a larger wafer to map the non-
uniformity in the single-frequency microwave cavity applicator. As a control, a 
wafer annealed in a furnace or a hot plate may be used. Moreover, use of 
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multiple-frequency microwave cavity applicators may be employed to obtain 
better uniformity and possibly to further hasten the processing. In this study, the 
microwave anneals have been carried out in ambient conditions. Various other 
environments like inert gases (e.g. argon), oxidizing environments (e.g. oxygen) 
and reducing environments (e.g. forming gas) may be used and their effect studied 
on the properties of materials being processed.   
 
Amorphous thin films of IZO and IGZO have been deposited on flexible polymer 
substrate PEN. The effect of deposition conditions and annealing on the 
emissivity of these the mixed oxide semiconductor thin films may be studied and 
their emissivities compared to the existing commercial low-emissivity (‘low-e’) 
coatings. Control of oxygen vacancies during the deposition may be achieved by 
changing the proportion of oxygen in the sputter gas mixture. Obtaining lower 
carrier concentrations may be useful while attempting to use the amorphous 
oxides as channel layers in transparent thin film transistors (TTFTs). The highly 
transparent and highly conducting IGZO thin films achieved in this study may be 
used as electrodes in organic solar cells. If integrated with p-type TCOs, they 
could be used to form various components of transparent circuits such as 
transparent p-n junction diodes and transistors. IGZO films deposited on PEN 
may be integrated into organic light emitting diode (OLED) displays.    
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For the IGZO/metal/IGZO multilayer structures, different metals may be tried and 
the relative electrical and optical performance of the multilayers may be studied. 
Some choices for the metal layer are gold and copper. Recently, there has been a 
tremendous recent interest in graphene as one of the materials for optoelectronics. 
The highly transparent IGZO films achieved in the present work may be 
combined with the highly conductive graphene to form high-performance 
multilayer structures.  
 
Amorphous IGZO thin films may also be deposited by a sol-gel route and its 
stability and manufacturability compared with the RF sputtering at room 
temperature. Also, mechanical properties of the IGZO thin films on flexible 
polymer substrates like PEN and PET may be studied and compared. 
Investigation of the effects on the electrical and optical properties of the IGZO 
films upon mechanical stress and electrical stress may be carried out. An 
interesting study may be to explore the behavior of TCO films under simultaneous 
application of mechanical and electrical stress, closely simulating on-field 
situations. Also, the films deposited on polymer substrates may be exposed to 
humidity and temperature and its effect on their electrical and optical performance 
as well as mechanical stability may be investigated. Temperature and humidity-
controlled chambers (T&H chambers) may be used for the same. 
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